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Nanoporous gold thin films on various substrates were prepared by co-sputtering method and used 
for electrochemical applications. Binary gold alloy was made with less noble element which was 
selectively dissolved from the alloy to make nanoporous structures. The composition of alloy was 
easily controlled by adjusting each power of targets. The size of ligaments and holes were under ~100 
nm. We used conventional three electrode system, nanoporous gold film, Ag/AgCl (3 M NaCl), and 
platinum wire were used as working electrode, reference electrode, and counter electrode, 
respectively. The cyclic voltammetry and chorono amperometry were employed. We made 
nanoporous gold for amperometric aniline sensor, polyaniline coated nanoporous gold for 
supercapacitor, and nanoporous gold palladium for ethanol oxidation reaction. 
First, we improved the fabrication process of nanoporous gold thin films. Previously, during the 
dealloying process, hydrofluoric acid (HF) solution was used for dissolving the Si the sacrificial 
element. Potassium hydroxide (KOH) solution were used instead of hydrofluoric acid solution due to 
its safety nature and more environmentally friendly method. For deposition, although silicon substrate 
is commonly used, glass substrate was chosen for availability and its lower cost. We conducted heat 
treatment for enhancing the adhesion between glass substrate and films. Furthermore, we used 
nanoporous gold as amperometric sensor for aniline. Constant voltage was applied to working 
electrode (nanoporous gold) and 10 μM of aniline were successively added. The current was linearly 
increased with the concentration of aniline and showed low detection limit (0.5 μM). The reaction was 
carried in both phosphate buffered saline (PBS) solution and tap water. Our nanoporous gold sensor 
x 
 
exhibited high sensitivity, wide sensing range, and low detection limit. 
Secondly, we made polyaniline coated nanoporous gold for supercapacitor. For nanoporous gold, 
magnesium and acetic acid were used rather than silicon and hydrofluoric acid or potassium 
hydroxide. Then, polyaniline was uniformly coated on the nanoporous gold by electrochemical 
method. The electrolyte, concentration of aniline, and electrochemical techniques were optimized for 
uniform and compact coated polyaniline. The thickness of polyaniline was ~ 10 nm, which is 
confirmed by transmission electron microscopy (TEM). Our polyaniline-nanoporous gold 
supercapacitor showed high areal capacitance, fast charge-discharge rates, and good stability. 
Thirdly, nanoporous gold palladium was fabricated for ethanol oxidation reaction. The ternary alloy 
of gold, palladium, and magnesium were made and magnesium from the alloy were dissolved to make 
nanoporous gold palladium. The magnesium was easily dissolved by diluted acetic acid, an easy and 
environmentally friendly/safe method. Optimization of the composition and porosity of nanoporous 
gold palladium were done by adjusting each power of sputtering targets. TEM and energy dispersive 
x-ray spectroscopy (EDS) results showed gold and palladium are homogeneously distributed and 
magnesium is almost removed by diluted acetic acid. X-ray diffraction (XRD) and fast Fourier 
transformation (FFT) data showed that the lattice spacing of nanoporous gold palladium is ~2.3 Å, 
confirmed that gold and palladium are alloyed. Our nanoporous gold palladium exhibited high current 
density and great stability toward ethanol oxidation reaction in alkaline media. 
Nanoporous structures offer a number of advantages such as large surface area, high stability, and 
high catalytic activity. The nanoporous structures can be applied to not only gold but also other noble 
metals (platinum, palladium, etc.) or cheap metals (silver, copper, etc.) as well as bimetallic alloys. 
Using our co-sputtering method and nanoporous structures, versatile materials could be created for 













In this thesis, we will introduce the various applications of nanoporous gold using electrochemistry. 
First, we will address the basic information for understanding of this thesis. In this chapter, will 
briefly introduce the nanoporous gold, its fabrication methods, and properties. Also, we will address 
the basic of electrochemistry including electrode kinetics, Nernst equation, etc. Next chapter, we will 
introduce our equipment which are used in this thesis (sputtering, electrochemical potentiostat, x-ray 
diffraction, etc.). Finally, we will address our main works; electrochemical sensor, supercapacitor, and 
fuel cell using nanoporous gold.  
 
1.1 Nanoporous gold 
1.1.1 Introduction 
Nanoporous gold(NPG) is corrosion derived bulk nanostructured material1. It is made from binary 
gold alloy with less noble element, such as silver or silicon. Immerse the alloy into a corrosive 
solution for dissolution of less noble element. Since gold is a noble metal, it does not dissolve and 
diffuses to form three dimensional continuous porous network of ligaments (figure 1.1)2, which is 
dealloying process. Depending on the dealloying conditions such as type of corrosive solution or 
dissolution and diffusion rate, the size of ligaments and pores can be controlled, but typically they are 
~ 100 nm. Because of its high surface-volume ratio, high porosity, great stability, and high 
conductivity, NPG has been widely used in many research fields such as sensor3, 4, catalyst5, 6, 
actuator7, 8, energy system9, 10, etc.11 In this chapter, we will introduce the basic of NPG, fabrication 
method, and theories. 
 
Figure 1.1. NPG from Au-Ag alloy2 
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NPG has many fascinating features as mentioned above, different from normal gold. Then, why the 
nano-sized gold is special? One important reason is increased surface to volume ratio of the material. 
The number of neighboring atoms called coordination number (CN) is decreased in surface atoms 
(figure 1.2) and the low-coordinated atoms are chemically unstable than normal atoms so that they 
play very important role in chemical reactions. In case of gold, it has face centered cubic (FCC) 
structure and CN of bulk, terrace, step and kink is 12, 9, 7, and 6, respectively. Every material has 
surface, however, nano-sized material has high surface to volume ratio. If surface ratio is very high, 
the influence of surface effect which is based on low-coordinated atoms increases. The NPG has a lot 
of step and kink sites (figure 1.3)12. 
The low-coordinated atoms enhance the reactivity of metal surfaces. For example, the adsorption 
and bonding of CO molecules on the gold surface is more easy at the low-coordinated atoms13. In case 
of transition metals, their d-bands are highly affect the activity of the surface because they are the 
highest electronic states. Generally, the low-coordinated atoms have higher d-band states (kink, step, 
etc.). Therefore, these low-coordinated atoms more strongly interact with adsorbate than high-
coordinated atoms.14 Not only catalysis effect, nano-sized gold has surface stress effect (actuator)15, 
optimal effect (surface plasmon), etc. but they are not covered in this thesis.  
 
Figure 1.2. Coordination number depending on the sites16 
 
Figure 1.3. High density of atomic steps in curved region of NPG. Observed by TEM12 
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Figure 1.4. shows microstructure of NPG. The ligaments and holes are marked in figure. The size 
of ligaments and holes are up to ~ 100 nm in normal conditions. These ligaments and holes are very 
important in mechanical properties. Generally, stability is increasing with the size of ligaments. The 
size of ligaments and holes could be controlled by thermal annealing method. The annealing causes 
the diffusion of gold atoms and low-coordinated atoms which are located in step or kink sites to move 
and aggregate so that size of ligaments becomes large. Figure 1.5. shows annealing effect of NPG 
with different annealing conditions (annealing temperature, time)17. 
Figure 1.4. SEM image of NPG from Au-Mg alloy. Dealloyed by acetic acid 
 
 





1.1.2 Fabrication method : Dealloying 
NPG is made by dealloying process. Gold alloy with less noble element is etched by free corrosion 
or electrochemical method. Silver is widely used for making NPG. For that, we will address the 
dealloying process in this chapter with Au-Ag alloy while we did not use it and used Au-Si, Au-Mg 
alloys. Au-Ag alloy system has been widely used because Au-Ag phase diagram shows simple solid 
solution system i.e. there is no intermetallic phase. However, the same concept could be applied to 
other alloy systems. Actually, there are a number of sacrificial elements for making nanoporous 
structure such as nickel, copper, aluminum, etc. The intrinsic alloy can affect to the properties of 
nanoporous gold and it is mainly depending on the phase diagram of the alloy. We described the phase 
diagrams of Au-Ag, Au-Si, and Au-Mg and explained how they affect to the nanoporous structures 
and differences in chapter 6 (Figure 6.4, p.92). 
During the dealloying, there are two important phenomena occur at the alloy/electrolyte interface, 
dissolution and diffusion. Silver atoms are dissolved while gold atoms diffuse and aggregate to each 
other. Both phenomena are closely related to dealloying conditions, we will address these issues 
below. 
 
1.1.3 Parting limit and percolation 
To occur the dealloying phenomena, silver content should be at least ~55 % called parting limit. 
The parting limit can be addressed by percolation theory. Figure 1.6. shows the basic notions of 
percolation theory. For dissolving of silver, the percolation channel should be formed. The acid 
solution attacks the alloy through percolation channel. In figure 1.6 (a), the percolation channel is 
formed which silver can percolate and plays as a passage through acidic solution (gold and silver 
atom are drawn as orange and gray circles, respectively). On contrast, in figure 1.6 (b), the silver 
atoms are much less than figure 1.6 (a) and they are not connected each other. In this case, silver 
atoms are surrounded by gold atoms and acid cannot attack the silver. 
In structural consideration, the threshold composition of silver below which silver atom cannot 
percolate is around 0.2 for faced center cubic (FCC) structure18. However, in real, it is around ~ 0.55 
which is called parting limit. This large discrepancy can be addressed by high-density-percolation 
(HDP) thresholds18. Silver atoms which are located on kink or step sites are dissolvable while 10 or 11 
coordinated atoms are not. Kinetic Monte Carlo (KMC) simulations tested this model18 and observed 






Figure 1.6 (a) Au-Ag alloy structure with percolation channel 
 
 





1.1.4 Dealloying by free corrosion 
Free corrosion method is that immerse the alloy into acidic solution such as concentrated nitric acid 
(70 %), hydrofluoric acid, etc. During the dealloying, silver atoms are dissolved while gold atoms 
diffuse. The diffusion strongly depends on the temperature. Therefore, the temperature of acidic 
solution plays very important role in delloying. In high temperature acidic solution, diffusion of gold 
increases and gold atom will accumulate low-coordinated sites and size of ligaments becomes large. 
As a result, the catalytic activity is decreased while stability is increased. Dealloying time also can 
affect the result. Gold atoms can move further as dealloying time increased so that size of ligaments is 
increased. Concentration of solution is also important factor in dealloying. This is especially 
important when using weak acid (e.g. CH3COOH) because too low concentration of weak acid could 
not dissolve the sacrificial elements while too high concentration dissolve it too fast so that the 
structure of NPG becomes weak. One should optimize the dealloying condition of type of acidic 
solution, temperature of solution, dealloying time, and concentration of acid solution. 
 
1.1.5 Dealloying using electrochemical cell and critical potential 
Electrochemical method is that apply the voltage to alloy in acidic solution and drive the 
dissolution of sacrificial element. The conventional thee electrode cell is commonly used for 
dealloying and the alloy is used as working electrode. The basic of electrochemistry will be discussed 
in below. When the potential is scanned with constant rate, at first, small current is measured. When 
the potential is over some threshold, current is rapidly increased and dealloying is very quickly done. 
(figure 1.7) The threshold potential which is called critical potential is affected by composition of 
alloy; it is increased with composition of silver. In case of electrochemical dealloying, the dealloying 
rate is very fast (dealloying is done in few minutes) so that nanoporous structure could be very weak. 
Indeed, we made gold-silicon alloy thin film by sputtering and dealloyed by electrochemical method, 
however, the thickness of film is reduced as half because the dealloying rate is too fast so that films 



























1.1.6 Applications of NPG 
  NPG is a very versatile material. There are a number of applications of NPG including catalyst, 
sensor, actuator, and electrochemical system. The NPG is used by itself as well as combined with 
other materials such as metal or metal oxide nanoparticles19, polymer, etc. Besides, many researchers 
have been studied with NPG for hierarchical structures20, molecular functionalization, 
microfabrication, etc. NPG can be applied to many research fields. We will address our applications of 
NPG as non-enzymatic sensor for aniline in chapter 3, charge carrier with polyaniline for 




Figure 1.8. NPG: A versatile material. Various applications of NPG including hierarchical structure, 







1.2 Basic of electrochemistry 
1.2.1 Electrochemical systems 
Electrochemistry is an area of chemistry dealing with the inter-conversion of electrical energy and 
chemical energy. In electrochemical processes, electric current could be either produced from 
chemical reactions or used to drive chemical reactions. 
The electrochemical system is commonly composed of two electrodes, called cathode and anode, in 
contact with an electrolyte as shown in figure 1.9 (a). When the potential is different between two 
electrodes, electrons are produced at the anode by oxidation reaction and move to cathode and 
consumed by reduction reaction. 
Researchers usually use conventional three electrode system which is composed with working 
electrode, reference electrode, and counter electrode (figure 1.9 (b)). Working electrode is where 
interested reactions occur. The potential of working electrode is controlled with respect to the 
reference electrode. The reference electrode has a constant makeup so that the potential of reference 
electrode is fixed. The counter electrode receives or generates electrons from or to the working 
electrode and makes complete electric circuit. 






1.2.2 Nature of electrode/electrolyte interface 
When the potential is charged to electrode immersed in electrolyte, an electric double layer is made 
on the electrode. Schematic of electric double layer is shown in figure 1.10.1 Imagine that the positive 
voltage is charged to electrode. Because of the positive charge, anion in the electrolyte firstly 
absorbed on the electrode, which is inner Helmholtz plane (IHP). After that, due to the gathered 
anions, cations are absorbed on the IHP and form an outer Helmholtz plane (OHP). Since this second 
plane is loosely absorbed on the first plane, ions could freely move in the fluid. The charge density at 
the electrode side is balanced by the total charge density at the solution side. Based on this, behavior 
of the electrode-solution interface is analogous to that of a capacitor. Indeed, electric double layer 
capacitance (EDLC) is widely used for supercapacitor. We will address the supercapacitor in chapter 4 
in detail. 
The formation of electric double layer causes a potential gradient across the interfacial region 
(figure 1.11). As a results, the molecules in the electrolyte may experience different potential from the 
real potential difference between the electrode and the electrolyte. For instance, when an electroactive 
species, that is not specifically adsorbed, can reach the electrode only to the OHP, the total potential it 
experiences is less than the potential between the electrode and the electrolyte by an amount ф2–фs 
due to the potential drop. It can affect to the reaction rates. The researcher should bear in mind in 
respect to potential drop and design the experiment conditions. 
 
Figure 1.11. Potential drop depending on distance 
between electrode surface24 





1.2.3 Current in electrochemistry 
The current occurred at an electrode/electrolyte interface originates from faradaic processes 
(desired electrochemical reactions) or/and non-faradaic processes (double layer, adsorption, 
desorption, etc.). In case of faradaic processes, the quantity of charge passed across an interface is 
proportional to the amount of material that has undergone chemical reaction according to Faraday’s 
Law as govern by the following equations: 
q = nFAN   (1.1) 








Where, q is the charge passed (C), n is the number of electrons transferred, F is Faraday constant 
(1F = 96,485 C/mol), A is geometric area of electrode (cm2), N is the number of moles electrolyzed, 
i is the current (A), and t is time passed (s). 
According to equation (1.2), current represents the rate of electrochemical reactions. 
 
1.2.4 Nernst equation 
The Nernst equation is an important equation which relates reaction equilibrium potential and 
concentration of redox species. It can determine the cell potential under non-equilibrium conditions. 
From the standard thermodynamics, the relation between actual free energy (∆G) and standard 
Gibbs free energy(∆𝐺𝑜) is written as 
∆G = ∆𝐺𝑜 + 𝑅𝑇𝑙𝑛𝑄  (1.3) 
Where, R is the universal gas constant (R=8.31 JK–1mol–1), Q is the reaction quotient. 
And the Gibbs free energy is related to the electrode potential E(V) via 
∆G = −nFE  (1.4) 
Here, n is the number of electrons transferred, F is Faraday’s constant (1F = 96485 C/mol). 
At the standard condition, 
∆𝐺𝑜 = −nF𝐸𝑜  (1.5) 
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Where, 𝐸𝑜(V) is the standard electrode potential, ∆𝐺𝑜(J/mol) is the standard Gibbs free energy 
change. From the equation (1.3), (1.4), and (1.5), the Nernst equation is expressed as follow: 
E = 𝐸𝑜 −
𝑅𝑇
𝑛𝐹
𝑙𝑛𝑄  (1.6) 
 
1.2.5 Electrochemical oxidation/reduction reaction depending on energy of electrons 
Figure 1.12 shows that how an electrochemical reaction occur according to the energy of electrons. 
In this case, the energy of electrons is opposite to applied potential. At the equilibrium, in the absence 
of an external potential, an equilibrium potential will be set up (figure 1.12 (a)). At this point, 
equilibrium potential is considered to be equal to the Fermi level. When the negative potential is 
applied to the electrode, the energy of electrons is raised (figure 1.12 (b)). The energy level can reach 
a high enough to transfer into LUMO (lowest unoccupied molecular orbital) of molecules in 
electrolyte. In that case, electrons transfer to molecules in electrolyte and reduction occurs. Similarly, 
when the positive potential is applied to the electrode, the energy of electron is lowered. The energy 
level can reach a low enough to transfer into HOMO (highest occupied molecular orbital) of 
molecules in electrolyte. The electrons can transfer from electrolyte to electrode and oxidation occurs. 
 









1.2.6 Electrochemical kinetics 
The electrochemical kinetics has two parts, charge transfer and mass transfer. The charge transfer 
relates to an electrochemical reaction (Faradaic reaction) in electrode/electrolyte interface. The mass 
transfer concerns with a phenomena active molecules comes from the bulk electrolyte to the electrode. 
 When the mass transfer rate is fast enough, overall reaction rate is depending on the charge 






𝑅𝑇 ]  (1.7) 
Where, inet is net current, i0 is exchange current, α is symmetry factor, and η is over potential (ΔE =
E − 𝐸𝑒𝑞 = 𝜂). Detailed driving is easily found in reference[ref]. The Butler-Volmer equation describes 
the relationship between current (reaction rate) and applied potential. 
 
In case of mass transfer, there are three kinds of driving force as follows 
1) Diffusion : movement of ions and molecules by concentration gradient. It depends on the 
Fick’s law. 
2) Convection : movement of ions and molecules by stirring or hydrodynamic transport.  
3) Migration : movement of charged ions under the influence of an electric field. 











+ 𝐶𝜐(𝑥)  (1.8) 
 
Where, J is the flux of species at the distance x from the surface, D is the diffusion coefficient, 
∂C/∂x is the concentration gradient, ∂ф/∂x is the potential gradient, z is charge and C is concentration 
of species, and υ(x) is the velocity of species, respectively. Each terms in Nernst-Plank equation are 






1.2.7 Electrochemical methods 
There are a number of electrochemical technique using potentiostat and three electrode system, 
however, in this chapter, we will briefly introduce cyclic voltammetry and chorono amperometry 
which are very widely used and important electrochemical methods. 
 
Cyclic voltammetry 
In cyclic voltammetry technique, voltage applied to working electrode is increased with a constant 
scan rate from set low value to high value, and voltage is decreased to low value, this called one 
cycle. During the voltage cycle, the current response is continuously recorded (figure 1.13). It is 
beneficial to study the redox reaction, which can observe one or more than two of redox reactions. 
Potential range, scan rate, and cycle number are important parameters in cyclic voltammetry.  
 
Figure 1.13. Cyclic voltage sweep and resulting current response. 
 
In case of reversible reaction, and the R=298 K, the peak current is described as the following 
 







2  (1.9) 
 
Where ip is the peak current, and ν is scan rate. The current is proportional to root of scan rate. 
The cyclic voltammetry is very widely used in overall electrochemistry systems. For example, it is 





Chrono amperometry also records the current responses during the reaction while potential is fixed 
(figure 1.14 (a)). At the first time, current shows very high value, however, it becomes rapidly 
decreased. The species near the electrode is firstly consumed and there will be a concentration 
gradient. Further reaction can occur by diffusion of species and the equilibrium is achieved between 
diffusion and consumption of species. (figure 1.14 (b), (c)). 
 
Figure 1.14. (a) Potential change during the chrono amperometry. (b) Concentration difference for 
various time during the reaction. (c) Recorded current during the experiment. 
 
The current is described by Cottrell equation (equation 1.10). The Cottrell equation is deduced from 






  (1.10) 
 
The chrono amperometry is used to study the kinetics of electrochemical reactions, sensing 
applications, long-time stability test for energy devices, etc. The chrono amperometry and cyclic 
voltammetry are usually used together. The peak potential is defined by cyclic voltammetry and the 
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EQUIPMENT AND EXPERIMETNL 
 
In this chapter, we will introduce our equipment and their principle. Sputtering is a main equipment 
of this thesis so that we will intensively describe its working principle and applications. Other analytical 
equipment (XRD, XPS, AES, etc.) will be briefly addressed. If someone want to know the details of 




Sputtering is first reported by W. R. Grove in 18521, 2. It is a process which occurs at the surface of 
target, irradiated to the ion beam. The ejected atoms from the target by impinging ions become gas-like 
phase. Some of sputter-eject target atoms are deposited on the substrate, formation of a thin film3. 
Sputtering can make a film with not only conducting materials but also insulating materials such as 
metal oxides as well as nitrides because of its basic principle. The advantages of sputtering are written 
in below. 
 
- Able to deposit a wide variety of metals, insulators, alloys and compounds 
- Replication of target composition in the deposited films 
- Capable of in-situ cleaning prior to film deposition 
- Better film quality than evaporation 
- Can use large area targets for uniform thickness over large substrates 
- Reproducible deposition control 
 





2.1.2 Glow discharge and plasma 
Let us consider the system of figure 2.1. Cathode and anode are in the sealed quarts with argon gas 
and they are connected to a power supply. There are two reasons why we use argon, one is its relatively 
inexpensive price and the other is the mass of argon (39.95 amu) is suitable for collision with many 
kinds of metals2. When the direct current is applied to both electrode, the background electrons which 
are naturally ionized are accelerated by electric field and move to the anode. During that time, the 
electrons will give up energy to an orbital electron of the argon atom. If this energy is less than ionization 
energy, the orbital electron will be excited to a higher energy level and then returned to the ground state 
with emission of photons of light. This ionized state is called plasma. If the energy is high enough to 
ionize the argon, the orbital electron will be separated from the argon, becoming a free electron (second 
electron). These argon ions (positive ions) are also accelerated by electric field and move to the cathode. 
At that time, the collision between positive ions and cathode makes an ejection of a number of electrons 
(second electron). These second electrons undergo as same manner, and increase the number of 
electrons and argon ions, resulting sustaining the plasma. The ions and electrons in the plasma are 
accelerated by electric field and move to cathode, and anode, respectively, however, mass of ion is 
relatively heavy compared to electron so that electrons can move to anode very quickly while ions are 
relatively slow, resulting plasma has generally positive charged. These overall process is called glow 
discharge (Figure 2.2). There are normal glow discharge and abnormal glow discharge and the plasma 
is subdivided by many regions, however, we think they are beyond the scope of this thesis. If you are 
curious about that, see the references.5  




Figure 2.2. Generation of secondary electrons during glow discharge 
2.1.3 The cathode region 
After the glow discharge occur, we need to consider the cathode region (figure 2.3). The ionized 
argons are accelerated and move to the cathode. At that time the argon ion can be neutralized by 
collusion with electron. The neutralized argon atoms are not affected by electric field, however, they 
are already accelerated and sputter the cathode. Even argon ions can reach the cathode without collusion 
with electron, they are neutralized by electron in the cathode. These neutralized argon ions diffuse into 
plasma and ionized again, repeat as same manner. 
The applied voltage is one of the very important parameters in sputtering. When the applied voltage 
is high, the energy of accelerated argon will be high. Figure 2.4 shows ejection of atoms depending on 
the energy of argon. If the energy of accelerated argon is low, the atoms will be ejected. If the energy is 
higher, the molecules or clusters will be ejected. The high energy will be better to fast deposition, 
however, it may be not good for uniform film surface. The researcher should optimize the deposition 

















2.1.4 Magnetron sputtering 
Basically, the efficiency of ionization form energetic collision between the electrons and gas atoms 
is very low. Most electrons lose their energy in non-ionization collisions or are collected by the 
electrodes. Therefore, the deposition rate will be also low. To resolve this drawback, to increase 
deposition rate, magnets are used to increase the percentage of electrons that take part in ionization 
events, increasing the ionization efficiency. A magnetic field is applied at right angles to the electric 
field by placing large magnets behind the target (figure 2.5). This traps electrons near the target 
surface and causes them to move in a spiral motion until they collide with an argon atom (figure 2.6). 
Then the ionization and sputtering efficiencies are significantly increased. Only the electrons will be 
affected; the ions are too massive.5 The orbital motion of electrons increases probability that they will 
collide with natural species and create ions. There are so many magnetically enhanced sputtering 
systems but we think these are beyond the scope of this thesis. See the reference6.  
 
 

















2.1.5 Reactive sputtering 
The sputtering uses a target of pure material is desired, and an inert gas, usually argon. If the 
material is a single pure chemical element, the atoms are simply ejected from the target and deposit in 
that form. However, it is also possible to use a reactive gas such as oxygen or nitrogen with the inert 
gas (argon). The ionized reactive gas can react chemically with the target material and produce a 
compound which then becomes the deposited film (figure 2.7). For example, a cerium target 
reactively sputtered with oxygen gas can produce a cerium oxide film7, or an aluminum target with 
oxygen gas can produce an aluminum oxide film8. 
The control of the ratio of inert gas (argon) and reactive gas is very important for chemical 
reactions which make compound9. The reactive gas flow should be adjusted to get good composition 
without incorporating excess gas into film (e.g. SiO2 rather than SiO2-x). 
The reactive gases are typically injected by mass flow controller (MFC) system which can control 
the flow of gases. Commonly used reactive gases are oxygen and nitrogen. A mixture of inert gas and 
reactive gases used for sputtering is shown in below 
 
Oxides : Al2O310, SiO211, Ta2O512, NiO13 – O2 mixed with Ar 
Nitrides : TaxN14, TiN15, SiNx16 – N2, NH3, mixed with Ar 
Carbides : TiC17, WC18, SiC19 – CH4, C2H2, C3H8, mixed with Ar 
 
  Reactive sputtering is very attractive because it can directly make compound films, however, it also 































2.1.6 Radio frequency (RF) sputtering 
If the target is insulating, the plasma is not occurred by direct current glow charge process because 
the cation will accumulate on the target surface (figure 2.8). Therefore, there will be no more 
secondary electrons and no more collision and ionization so that plasma is not sustained. 
Consequently, we cannot sputter the insulating target by direct current power supply. 
Figure 2.8. When the direct current is applied to insulating target – Argon ions are accumulated on 







In order to this problem, researchers developed radio frequency (RF) sputtering technique which 
can sputter both conducting and insulating target. A conductive plate is placed behind an insulating 
target (figure 2.9). RF sputtering technique is using alternative power supply, which makes cations 
continuously collide with the target. This called RF glow charge.  
Let us consider the RF glow charge process in detail. When the negative potential is charged to 
target, the cation will collide with surface and accumulate, which is similar to that negative DC power 
is charged. Secondly, the potential will change to negative and cations accumulated on surface will be 
ejected from the surface (figure 2.10). Therefore, cation can collide with surface again and the target 
will be sputtered. 
One can wonder that how can the target sustain its charge as negative. The answer is self-bias 
effect. When the positive/negative charge is applied, the electron/cation moves to the target. In that 
case, the mobility of electron is much faster than cation. Accordingly, the number of electrons become 
larger than that of cations so that target becomes negatively charged. The RF power system controls 
the current as zero, however, there are more electrons. Therefore, RF power system makes the target 
as negative for an increased influx of cations (figure 2.11). Finally, target can sustain negative charge 















Figure 2.10. Cathode region during the RF sputtering 
 
 




2.1.7 Sputtering equipment 
Figure 2.12 shows our sputtering machine and figure 2.13 is schematic of our sputtering systems. 
There are two chambers; main chamber and load-lock chamber. Each chambers are connected to 
pumps, main chamber has turbo molecular pump and rotary pump and load-lock chamber has only 
rotary pump. In front of the turbo molecular pump, there is a butterfly valve which can control the 
flow of fluid. In the main chamber, there are ion gauge and pirani gauge which can record the pressure 
while load-lock chamber has only pirani gauge. The mass flow controller (MFC) is connected to main 
chamber which can control the flow of gases such as argon, oxygen, nitrogen, etc. Each connection is 
closed or opened by gate valves. 
Details of main chamber is described in figure 2.14. The main chamber is quiet simple, there are 
guns, and sample stage. The sample stage can rotate for uniform deposition of films and it can also 
move up and down for loading a sample or sputtering position. Under the stage, there is a heater 
which can heat the sample stage and enhance the mobility of deposited atoms for uniform thickness of 
films. In the sputtering gun, the target is fixed and connected to power supply. We have four guns and 
two direct current (DC) power supply and one radio frequency (RF) power supply. 
Figure 2.15 shows schematic of sputtering gun. There is water line inside the gun for cooling of 
target during the sputtering. The target is fixed and power line is connected to target. Under the target 
there are magnets for enhancing the yield of sputtering but figures of magnets are omitted. We can 

















Figure 2.13. Schematic of our sputtering systems 
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 Figure 2.14. Schematic of main chamber 




2.2 Analytical equipment 
2.2.1 X-ray diffraction (XRD) 
X-ray diffraction (XRD) is a powerful tool for analyzing the structure of materials with non-
destructive method21. X-ray is a form of light with wavelength of ~ nanometers which is comparable 
with the lattice spacing of materials. In this thesis, XRD is used to determine the phase of sputtered 
alloy films and dealloyed films. 
When the x-ray is directed toward a material, the x-ray interferes with the atomic planes of crystal, 
resulting in a pattern of higher or lower intensities which relies on the Bragg’s law. As shown in figure 
2.16, the constructive interference occur when nλ = BD + CD = 2dsinθ is satisfied. Where, n is an 
integer, λ is the wavelength of ray, θ is an incident angle, and d is a lattice spacing. The x-ray is scanned 
from low angle to high angle and the intensity of reflected ray is recorded. The peaks will appear when 
the Bragg’s rule is satisfied and they could be used to determine the lattice spacing and characterize the 










2.2.2 X-ray photoelectron spectroscopy (XPS) 
X-ray photoelectron spectroscopy (XPS) is widely used technique to investigate the chemical state 
and electronic state of materials22. It is based on the photoelectric effect which is the emission of an 
electron or other carriers when the light is radiated to the material (figure 2.17). When the electron is 
ejected from the surface by radiation of x-ray, the kinetic energy of electron is expressed as equation 
(2.1).  
 
Figure 2.17. Photoemission of electrons 
KE = hν − BE − ф (2.1) 
Where, KE is kinetic energy of ejected electron, hν is energy of x-ray, BE is the binding energy of 
electron, and ф is the work function. A photoelectron spectrum is acquired by counting photoelectrons 
over a range of kinetic energies. The energies and intensities of the photoelectron peaks can be used as 
quantification and identification of surface elements. By measuring the kinetic energy, we could 
calculate the binding energy of electron and obtain the information of chemical state. The binding 
energy is affected a number of factors including element, orbital, and chemical environments. XPS is 





2.2.3 Auger electron spectroscopy (AES) 
AES is most widely used technique for analyzing the surface chemical composition by recording the 
energies of Auger electrons22, 23. AES uses Auger effect and it is shown in figure 2.18. A core state 
electron in the atom is removed leaving behind a vacancy in the K shell by incident high-energy electron 
beam. As the atom is unstable, the vacancy can be filled by an electron from L shell falling down without 
radiation of x-ray. The excess energy can be removed by ejection of outer shell electron if the energy is 
greater than the binding energy (figure 2.18) 
Figure 2.18. Schematic of Auger process. Ionization (left), relaxation (middle), and emission (right). 
 
The ejected electron is called Auger electron. In this case, the kinetic energy(EKE) of Auger electron 
will approximately be equation (2.2) 
𝐸𝐾𝐸 = 𝐸𝐾 − 𝐸𝑀 − 𝐸𝐿 (2.2) 
Where EK, EM, and EL are respectively the core level energy of each levels. As it can be seen that the 
kinetic energy of Auger electron is independent of the primary electron beam therefore the kinetic 
energies of Auger electron are characteristic of the elements. 
  X-ray emission is a competing with Auger emission because the energy difference can be released 
by x-ray emission. The yield of Auger emission is higher for light elements while x-ray yield is higher 
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NANOPOROS GOLD FOR SENSOR 
 
3.1 Introduction 
One most important goal of nanotechnology is to utilize the size effect of nanomaterial to improve 
and enhance the properties and performance of nanomaterial and discover the new functionalities 
which cannot be taken from bulk materials. Particularly, the size effect of nanomaterial depends on a 
surface-to-volume ratio. NPG has been attracted in a number of fields such as sensor,1-3 catalysts,4, 5 
and actuators,6-8 because of its outstanding properties, which are not realize in its bulk counterpart or 
nanoparticles. NPG has a lot of advantages including high surface-to-volume ratio, high conductivity, 
and no concern about loss of gold particles during experiment. Generally, NPG is fabricated by 
dealloying process.9 An Au alloy with less noble element wire is prepared by drawing the molten bulk 
alloy. The wire is then drowned into a suitable etchant (most commonly nitric acid) to selectively 
dealloy the less noble elements. Many elements such as Ni, Zn, and Al are used as less noble 
elements,10-12 but among them, silver is the very commonly used element for the dealloying. However, 
the diameter of the drawn wire is typically in the range of tens to hundreds of micrometers, which is 
larger than necessary for sensor or catalytic applications. Moreover, free standing NPG on the sub-
micron scale is difficult to handle, requiring an additional conductive supporting substrate. In order to 
overcome this drawbacks, NPG electrode from Au-Si binary alloy (100–200 nm) in the form of a thin 
film on a Si wafer is widely used. Si is dealloyed from an Au-Si alloy by HF solution, which enables 
the preparation of uniform and crack-free NPG thin films with well-controlled porosity on Si wafers.13 
The NPG thin films from these processes have shown remarkable performance as electrochemical 
catalysts2 and sensor. At first, NPG was used as sensor with enzymes. The enzymatic NPG sensor 
showed high sensing performance for detection of ethanol, hydrogen peroxide, and glucose.14 For 
non-enzymatic sensing, NPG electrode also showed good performance of ascorbic acid, dopamine, 
hydrogen peroxide, glucose, cysteine, and environmental pollutants including hydrazine, p-
nitrophenol, etc.3, 15-18 In our previous studies, we successfully applied the NPG electrode to non-
enzymatic direct detection of phenol, aniline, catechol, and hydroxylamine.2, 19 For those pollution 
molecules, the NPG electrode showed specifically better stability for amperometric sensing with 
comparable sensing performance in terms of detection limits and linear range compared to other 
previously reported sensors made of other materials. We used HF solution for the dealloying process, 
however, it is very toxic so that an alternative etchant would be highly desirable. Moreover, readily 
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available and cheaper substrates could accelerate the widespread adoption of NPG thin films for the 
applications mentioned above, with all of the advantages of conventional NPG structures. 
Herein, we made NPG electrode on glass substrates with potassium hydroxide (KOH) solution 
instead of using HF solution and Si substrate. Dealloyed Au–Si alloy thin films (NPG) on glass 
substrates using KOH solution as the etchant comprised good NPG structures with good adhesion to 
the substrate. After that, we applied our NPG thin films to the amperometric sensing of aniline. Our 
environmentally friendly fabrication method of NPG thin films on glass substrates showed great 
performance as aniline sensors with a wide sensing range and low detection limit. 
 
3.2 Experimental methods 
Preparation of NPG films 
Figure 3.1 shows a schematic of preparation process of NPG films on glass substrates. Titanium, 
gold, and Au–Si (alloy layer) were deposited on glass substrates by sputtering. The base pressure in 
the sputtering chamber was 2 × 10−6 Torr. The glass substrates were cut into pieces of 
1.0 × 2.6 cm2 and cleaned by consecutive ultrasonication in acetone, ethanol, and distilled water for 
20 min each. After deposition of the Ti layer, we annealed the samples at 300 °C for 30 min with a 
heating rate of 10 °C/min. The annealing treatment was done in the same chamber without breaking 
the vacuum (P = 2 × 10−6 Torr). After that, the samples were allowed to cool to room temperature 
(25 °C) before subsequent layers were deposited. The thicknesses of Ti, Au, and Au–Si alloy layers 
were approximately 5, 30, and 300 nm, respectively. Si was selectively etched from Au–Si alloy layer 
by KOH solution. The concentration of KOH, temperature and etching time were all optimized to the 










Electrochemical experiments were carried out using a conventional three-electrode system. NPG 
films were used as working electrodes with 1 cm2 exposed area, Pt wire was used as the counter 
electrode, Ag/AgCl (3 M NaCl) was used as a reference electrode, and all these electrodes were 
connected to a potentiostat (ZIVE SP1, WonATech Inc.). Cyclic voltammetry (CV) was conducted in 
0.5 M H2SO4 solution to clean the NPG surface and calculate its surface area by the amount of 
reduction charge. Amperometric sensing of aniline was performed in both phosphate-buffered saline 
(PBS) solution and tap water. 
 
Materials 
All chemicals including aniline (>99.5%, Sigma-Aldrich), sulfuric acid (H2SO4) (>98%, 
DAEJUNG), KOH (>85%, Sigma-Aldrich), and PBS (Thermo Scientific) were used as received. 
Glass slides (MARIENFELD) were used as the substrates for NPG sensor fabrication. 
 
3.3 Results and discussion 
The NPG sensor is composed of a NPG thin layer (300 nm), an Au etch stop (30 nm), and a Ti 
adhesion layer (5 nm) on a glass substrate. Though the Ti is known to be a great adhesion metal that 
readily forms covalent bonds with sub-layers,21 it did not provide strong adhesion between NPG films 
and glass substrates, resulting the delamination of the NPG layer from the substrate during 
electrochemical experiments in the beginning of this study. We also tested Cr, which is commonly 
used as an adhesion layer for glass substrates; however, Cr was improper here because it would be 
dissolved at cathodic potentials during electrochemical reactions.21 The residual stress developed 
inside the film is one of the main reasons for the delamination of thin films; therefore, an annealing 
treatment is usually carried out during or after deposition. Furthermore, annealing treatment is known 
to make the surface of deposits smoother and more uniform, to increase the mobility of deposited 
atoms and to promote diffusion between the deposited layer and substrate, which can make adhesion 
stronger.22 In order to improve adhesion, we annealed the sample at 300 °C for 30 min inside the 
sputtering chamber after sputtering of the Ti films. After that, the Au and Au–Si alloy layers were 
successively deposited. Figure 3.2(a) shows a SEM image of a NPG film on an annealed Ti layer. 
Compared to NPG films without the annealing step (Figure 3.2(b)), it shows a much more uniform 
and smoother surface. Additionally, the adhesion between the NPG film and the substrate is strong 
enough to carry out the electrochemical experiments with no delamination. A high-resolution SEM 
image (Figure 3.2(c)) shows that a number of pores are connected together and the distance between 
ligaments is around 80 nm. 
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Figure 3.2 SEM images of the top view of NPG films. (a) Ti annealed NPG; (b) bare NPG (c) a 




When we annealed the thin films grown on a substrate, one very important factor is the difference 
between the thermal expansion coefficients (TECs) of the materials.23 If the TEC difference between 
the substrate and film is too large, residual stress occurs inside the film after the annealing treatment. 
Our NPG sensor contains three components: glass, Ti, and Au. The TECs of glass, Ti, and Au are 
9.0 × 10−6 K−1, 8.6 × 10−6 K−1 and 1.42 × 10−5 K−1, respectively. The TECs of glass and Ti are similar 
and negligible, however, the difference in TECs between the Au layer and the Ti layer is large enough 
to develop the residual stress during the annealing treatment. Hence, it is very important to design an 
optimum heat treatment process for the preparation of durable NPG sensors. Figure 3.3 shows SEM 
images of multilayer films on glass made using two different heat-treatment processes. Sample A was 
prepared using the same annealing conditions as for Figure 3.2 (a), that is, only the Ti layer was 
annealed, followed by deposition of the Au and the Au–Si layers. The other sample (sample B) was 
annealed after the deposition of the Ti and the Au layers, and then the Au–Si layer was grown. 
Sample A has a very clean and smooth surface, whereas sample B has a rugged surface. Since the 
TEC of Au is larger than that of Ti, large tensile stress occurs inside the Au film when they are 
annealed and cooled together (sample B), resulting in weak adhesion between the Ti and the upper 
layers. As a consequence, the Au–Si and Au layers easily peeled off within a minute during the 
dealloying in KOH solution. Previously, we made NPG sensors on Au/Ti/Si, and annealed both Au 
and Ti layers simultaneously.19 At that time, the NPG films annealed at high temperatures (>100 °C) 
showed poor sensing performance. For the same reason, the adhesion between the films and the Si 
substrate became weaker when the annealing temperature was too high. We believe that this is one of 
the reasons for the poor performance of those sensors. 
In order to make a nanoporous structure, we dealloyed the Au–Si layers by immersing the sample 
into a 30 wt% KOH solution at 50 °C for 150 min. Figure 3.4 (a) and (c) show cross-sectional SEM 
images of NPG films before and after etching, respectively. The entire Au–Si layer was changed to a 
uniform and nanoporous structure by dealloying. Additionally, the thickness of the alloy layer was 
unchanged (∼300 nm) after dealloying, indicating that there was no loss of Au. In order to confirm 
the composition of the films, we employed Auger electron spectroscopy (AES) depth profiling along 
the direction perpendicular to the substrate (figure 3.4 (b) and (d)). The AES depth profiling showed 







Figure 3.3 SEM images of Au-Si alloy films. (a) Sputtered on an annealed Ti layer (sample A) and 
(b) Sputtered after annealing both the Ti and the Au layers (sample B).20 
Figure 3.4 Cross-sectional SEM images and Auger depth profiles of Au-Si alloy films and NPG. (a, 
b) Before dealloying and (c, d) after etching.20 
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CV experiment is carried out in 0.5 M H2SO4 solution at a scan rate of 100 mV s−1 from −0.25 to 
1.8 V and the roughness factor (real surface area/geometric surface area) of the NPG films was 
calculated from reduction area of CV. During the CV, oxidation and reduction reactions successively 
carried out at the surface of the NPG, which cleans the surface. We operated at least 10 cycles of CV 
for stabilization of the response. Figure 3.5 shows typical CV data taken from a NPG sample. The 
oxidation take place at approximately 1.1 V during the positive scan, which is lower than 
E0 (Au + 3H2O = Au2O3 + 6H+ + 6e−, E0 = 1.457 V) because surface atoms are much more active than 
bulk atoms.24 The broad peak of the oxidation is observed and it is attributable to the gradual changes 
in the nature of the oxide film formation.24 On the other hand, the reduction peak occurred at 
approximately 0.9 V during the backward sweep, the area of which was used for calculating the 
roughness factor. The roughness factor of our NPG surface was around 33 (conversion 
factor = 450 μC/cm2 25), which is larger than that of NPG surface made by etching in HF (∼25).2 
When an Au-Si alloy is etching in HF, the dealloying reaction is very fast. It takes only a few seconds 
for entire dealloying of a 300 nm-thick Au–Si layer. As a results, the thickness of the NPG layer is 
reduced by 33% compared with Au–Si layer by partial dissolution of Au, because the diffusion of Au 
is not fast enough to catch up with the dissolution rate of Si atoms. In contrast, ethcing in KOH 
solution is a slow and moderate process that does not reduce the thickness of the alloy layer so that 
roughness factor is much more high. 
Our NPG sensor was tested for sensing performance of detection of aniline. Aniline, which 
comprises a planar benzene ring with one amino group, is very commonly used in modern industrial 
materials such as dye, rubber, fungicides, and herbicides. Due to its high toxicity, treatment of aniline-
containing waste is very important. Chromatography can detect the aniline in the water very 
sensitively,26; however, the equipment required for chromatography are very expensive and the 
analytical procedures are complicated. Sensing aniline with an amperometric sensor has the 
advantages of cost-effectiveness, sensitivity, simplicity, and compact size. Figure 3.6 shows cyclic 
voltammograms of NPG samples in PBS solution (pH 7.2), performed with a scan rate of 
100 mV s −1 from 0 to 1.1 V in the absence and presence of 1.6 mM aniline. The oxidation of aniline 
is carried out and a broad anodic peak at 0.7–1.1 V for 1.6 mM aniline was observed. Aniline is 
oxidized to a free radical, which easily dimerizes to benzidine or p-aminodiphenylamine.27-30 Hence, 



















Figure 3.7 (a) shows the amperometric sensing results of current–time response sensing in PBS 
solution. The current response was measured at the constant voltage of 0.8 V for successive additions 
of 10 μM aniline. In order to obtain a steady-state current response, we added the aniline at constant 
time intervals of 50 s. After the addition of 10 μM aniline, a rapid increase in current was observed, 
indicating oxidation of aniline on the NPG electrode surface. We added the 10 μM of aniline and 
obtained a step-like current increase. A highly linear correlation between the current and aniline 
concentration was obtained from 10 to 40 μM, with a correlation constant, R2, of 0.978 and a 
sensitivity of 30 nA μM−1 (figure 3.7 (b)). We also performed the amperometric sensing experiments 
in the tap water to test the performance of the NPG sensor under more general conditions. Excellent 
aniline sensing performance was also confirmed (figure 3.8 (a)), with a linear current response from 
0.5 to 60 μM with a sensitivity of 207 nA μM−1 (R2 = 0.976; figure 3.8 (b)). The lower detection limit 
was 0.5 μM (S/N > 3) in tap water (figure 3.8 (c)). If the aniline was added more than 30 μM, the 
sensitivity was lightly decreased because of polymeric fouling of aniline on the NPG surface.2 The 
fouling originating from polymeric accumulation at the electrode surface blocks the active sites for 
the electrochemical reaction, resulting deactivation of the electrode and lower sensitivity. When the 
aniline was added more than 70 μM, a poor linear response was obtained because of more serious 
fouling. Compared to previous results observed for NPG sensors made on Si wafers using HF solution 
(linear from 0.5 to 40 μM with a sensitivity of 350 nA μM−1 and R2 = 0.995),2 the NPG films on glass 
substrates fabricated here showed a lightly lower level of sensitivity; however, they showed a much 
wider linear sensing range because of the increased surface area of the NPG made by slow and 
moderate dealloying in KOH solution. The main advantages of our NPG films are the safe and simple 
preparation method, large roughness factor, and use of a glass substrate that is cheap and readily 
available. Our method will be very useful for producing NPG, not only for sensors but also for many 












Figure 3.7 Sensing performance of NPG in PBS solution. (a) Time-current 
response at constant voltage of 0.8 V with successive additions of 10 mM aniline into PBS solution 




Figure 3.8 Sensing performance of NPG in tap water. (a) Time-current 
response at constant voltage of 0.8 V with successive additions of 10 mM aniline and (c) 0.5 mM 





We made NPG films on glass substrates by etching a co-sputtered Au–Si alloy. By optimized 
annealing treatment which reduces the residual stress in the films, we could solve the delamination of 
the NPG films from the glass substrates. A nanoporous structure was fabricated by etching the Au–Si 
films with heated KOH solution. The roughness factor of the NPG surface etched with KOH was 
much larger than that of NPG structures fabricated by fast HF dealloying. The slower dissolution rate 
of Si atoms in the heated KOH etchant prevented the delamination of films. As a results, thicker NPG 
films with a larger roughness factor was obtained. We tested the performance of NPG films as sensors 
for detecting aniline and confirmed that they exhibited a low detection limit and wide sensing range. 
We believe that our environmentally friendly and cost-effective way of fabricating NPG sensors can 
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NANOPOROUS GOLD FOR SUPERCAPACITOR 
 
4.1 Introduction 
As to approaching huge need for electricity, a number of researchers have been studied next-
generation energy systems such as battery1, supercapacitor2-4, fuel cell5, 6, etc. Among these, 
supercapacitors are very attractive because of their high power density, fast charge-discharge rates and 
a long lifetime7. Supercapacitors store charges in two ways, using electric double layer 
capacitance(EDLC) and pseudocapacitor (figure 4.1). EDLC stores charges in an electric-double layer, 
which is similar to conventional capacitors. The stored charge of EDLC is proportional to the surface 
area of the electrode. EDLC has very long cycle life because of its principles. Pseudocapacitor stores 
charges by Faradaic reaction. Pseudocapacitive materials are oxidized and reduced by driven voltage, 
which is similar to a battery but its reaction rate is much faster. Pseudocapacitor has relatively lower 
cycle life than EDLC because pseudocapacitive materials are partially lost or degraded during the 
operation. Nevertheless, pseudocapacitors have 10-100 times higher capacitance than EDLC so that 
many researchers have been focused on pseudocapacitor8-10. Widely used materials for pseudocapacitor 
are metal oxides, such as RuO211, MnO28-10, 12, and metal sulfides, such as MnS13, CoS14, and conducting 
polymer such as polyaniline(PANI)2, 15, 16, polypyrrole4, etc. Generally, these pseudocapacitive materials 
are coated or deposited on conducting supports such as carbon materials3, 4, 11, nickel foam17, gold18-20, 
etc, that work as current collector. 
Among these pseudocapacitive materials, PANI is the very attractive materials because of its high 
capacitance, low cost, easy fabrication, manifold redox states, and environment-friendliness18. The 
electro-deposition of aniline monomer in acidic media is widely used for fabrication of PANI21. The 
low pH is essential for preparation of conductive PANI. Perchloric acid(HClO4), sulfuric acid(H2SO4), 
hydrochloric acid(HCl), phosphoric acid(HPO4), and many other acids are commonly used as the acidic 
media and their anions highly affect the properties of PANI such as morphology, conductivity, and 
stability22. However, PANI suffers from stability issues like any other conducting polymers2. To improve 
a stability of PANI, a lot of methods were used such as changing the polymerization temperature, adding 
a small amount of additives during the polymerization process, making the porous structure of PANI, 






















Nanoporous gold(NPG) which has a three-dimensional bi-continuous structures is a very promising 
and versatile material25-27. NPG is used in various field such as catalysis28, 29, actuators30, sensors31-34, 
energy systems5 and so on because of its great stability, high conductivity, large surface area, unique 
catalytic activity. Different from gold nanoparticles which are suffering from aggregation, leaching and 
losing their catalytic activity during chemical reactions, NPG save their catalytic activity during the 
reactions. There were various reports which use NPG as a support material for a pseudocapacitive 
material such as MnO212, PANI18, polypyrrole19, and etc. In case of PANI/NPG, long-term stability was 
not reported and not known yet while NPG supercapacitor with metal oxides such as MnO2 are highly 
stable even after 1000 cycles35. 
Herein, we fabricated PANI/NPG polymer-metal hybrid structures designed for greatly stable 
supercapacitor with high capacitance. NPG is commonly made by Au-Ag alloy using nitric acid, which 
is a toxic and expensive process36. We enhanced NPG fabrication process by first fabricating Au alloy 
using Magnesium (Mg) as the less noble element of the alloy and etching Mg from the binary alloy by 
diluted acetic acid. PANI was deposited on NPG by electrodeposition of aniline monomer in acidic 
media. To enhance the stability of the coated PANI, we compared sulfuric acid(H2SO4) and perchloric 
acid(HClO4) for the electropolymerization of PANI. PANI from sulfuric acid had low stability while 
PANI from perchloric acid had a much better stability. We optimized the influencing factors during 
electropolymerization procedure including the concentration of acid and aniline, the types of acid, 
applied voltage and polymerization time. Under optimum conditions, our PANI/NPG supercapaccitor 
showed an excellent performance with high capacitance and excellent long-term stability. 
 
4.2 Experimental 
Fabrication of NPG 
We deposited Au-Mg alloy films on Si substrates by sputtering32, 37. Si substrates (1 cm × 2 cm) 
were successively cleaned by acetone, ethanol, and deionized water. Ti (5 nm), Au (40 nm), and Au-Mg 
alloys (200 nm) were sputtered on cleaned Si substrates. The base pressure of sputtering chamber was 
less than 2×10–6 Torr. We controlled the concentration of Au and Mg for high porosity of NPG. We 
immersed the as-deposited films into 5 wt% of acetic acid solution for making nanoporous structures. 





Coating the PANI on NPG 
PANI was coated on NPG by electrodeposition with a conventional three electrode and potentiostat 
(Versastat 3, Princeton Applied Research). The counter electrode and reference electrode was platinum 
wire and Ag/AgCl(3 M), respectively. Dealloyed NPG films from Au-Mg alloy were used as working 
electrode. Only 1.2 cm2 area of NPG is immersed into an electrolyte and coated with PANI. The 
electrolytes were 1 M sulfuric acid solution containing 10 mM aniline and 1 M perchloric acid solution 
containing 10 mM aniline. We altered the concentration of aniline (1 mM ~ 100 mM) and time for 
electro-deposition (30 min ~ 2 h) and optimized the coating condition (10 mM and 1 h). Cyclic 
voltammetry and chrono-potentiometry were carried out for coating the PANI. For cyclic voltammetry, 
potential window was -0.2 V to 1.5 V with scan rates of 50 mV and 100 mV. For chrono-potentiometry, 
constant current of 0.5 mA was applied for 60 min. After electro-deposition of PANI, the PANI/NPG 
samples were cleaned with deionized water and dried in the oven at 110 oC for 1 day. 
 
Electrochemical methods 
The PANI/NPG films were used as the working electrode in a conventional three electrode system 
(Versastat 3, Princeton Applied Research). The electrolyte was 1 M perchloric acid. We operated cyclic 
voltammetry(CV) with the voltage range of – 0.2 V to 0.8 V with the scan rate of 10 mV/s. Areal and 












 , where ν, S, V2, V1, i, v is potential scan rate, area of electrode, initial and final 
potential of CV, instant current, and volume of electrode, respectively. The galvanostatic charge-
discharge experiments were also conducted with the same electrolyte and potential range. Areal 
capacitance was calculated from C(F/𝑐𝑚2) =
𝐼∆𝑡
𝑆∆𝑉
 and C(F/𝑐𝑚3) =
𝐼∆𝑡
𝑣∆𝑉
 where I, ∆t, S, ∆V and v 
is discharging current, discharge time, the area of electrode, voltage range during the discharge process, 
and volume of electrode, respectively. In order to compare the capacitance reported by other researches 
in the literature, we used the equation 𝐶𝑡ℎ = 4𝐶𝑡𝑤, where the 𝐶𝑡ℎ and 𝐶𝑡𝑤 are the capacitance for the 
three-electrode cell and two-electrode cell, respectively38, 39. The energy density and power density are 













4.3 Results and discussions 
Figure 4.2 shows the schematic of the fabrication process of our NPG substrates. The substrates 
comprise a NPG thin layer, an Au protection layer, and a Ti adhesion layer on a silicon substrate. 
Fabrication method is analogous to our previous study32, 37, but in this study we used Mg as a sacrificial 
element of the alloy as Mg is much easier to etch out while similar alloy formation is expected between 
Au-Si and Au-Mg alloys. We etched the Au-Mg alloy by immersing the samples into 5 wt% acetic acid 
for 30 min. In general, nanoporous gold is fabricated from Au binary alloys that compose gold and 
sacrificial elements, typically silver. Toxic acids such a nitric acid are used for dealloying the sacrificial 
element while diluted acetic acid for dealloying Mg in this study is environmentally friendly and safe. 












Figure 4.3 shows Auger electron spectroscopy (AES) depth profiles before and after dealloying the 
alloy samples. The atomic ratio of Au-Mg alloy was Au20Mg80. It can be seen that after etching, 
magnesium was almost extracted by diluted acetic acid with a little amount of magnesium remained as 
residue. X-ray diffraction(XRD) patterns indicated that three different phase in the Au-mg alloy, i.e., 
magnesium, gold-magnesium alloy, and gold (figure 4.4 (a)). After etching, only peaks from gold were 
observed, which coincide with AES data (figure 4.4 (b)). The intermetallic compound of gold and 
magnesium was made during the co-sputtering, and this intermetallic compound was easily dissolved 
by diluted acetic acid. 
Figure 4.5 shows scanning electron microscopy(SEM) images of NPG samples from (a) Au-Mg alloy 
and (b) Au-Ag alloy. We prepared Au-Ag alloy films for comparison and Au-Ag alloy films were 
dealloyed in 70 % nitric acid. Comparing the two samples, NPG from Au-Mg alloy shows angular shape 
and NPG from Au-Ag alloy has rounded ligaments, however, difference is not that much. Figure 4.5 (c) 
shows cyclic voltammogram in 0.5 M H2SO4 solution which is a typical method for examining the 
surface area of nanoporous gold. Both results are almost same. Hence, we believed that NPG from Au-
Mg alloy is similar to NPG from Au-Ag alloy and we used Au-Mg alloy for NPG. The size of the 
ligament and pore was around 80 nm both of NPGs from Au-Mg alloys and Au-Ag alloys. 
 
 










Figure 4.4 XRD results of an Au-Mg alloy (a) before and (b) after ethcing. In the alloy, three phases 







Figure 4.5 SEM images of NPG from (a) Au-Mg alloy and (b) Au-Ag alloy. (c) Cyclic voltammogram 






After that, we deposited PANI on the NPG films from Au-Mg alloys. As described above, electro-
polymerization of aniline is always performed in strong acidic electrolytes because the deposited films 
consist of a low chain of oligomers at high pH, not leading to polymerization21. For this reason, sulfuric 
acid (H2SO4) is widely used as the acidic media for electrodeposition of PANI because PANI layers 
prepared in sulfuric acid have high conductivities42. However, the PANI coated with sulfuric acid suffers 
from poor stability. To solve this issue, we used perchloric acid(HClO4) rather than sulfuric acid. We 
fabricated PANI/NPG films both in sulfuric acid and in perchloric acid and compared their stabilities. 
While PANI/NPG films from sulfuric acid were peeled off from the substrate in a few cycles of charge-
discharge reactions, PANI/NPG films from perchloric acid exhibited much better stability after few 
hundred cycles. We will discuss this point later more in detail. 
It is a great challenge to uniformly coat the PANI on the NPG because NPG has a number of curved 
and convoluted ligament and the charge can be easily concentrated to the topmost area of ligament and 
oxidation reaction of aniline monomer could be carried out only at the topmost area resulting partial 
coating of PANI on NPG. Indeed, when we tried to coat the PANI on the NPG by cyclic voltammetry 
(CV) with various scan rate, the PANI was only coated on the top area of NPG films not inside of the 
films. In order to solve this problem, we performed chrono-potentiometry with constant current of 0.5 
mA. Chrono-potentiometry is maintain a constant current to working electrode so that the rate of 
electrochemical reaction will be controlled and PANI coating would be uniform. Using this technique, 
we could uniformly deposit the PANI on the entire surface in and out of NPG films. In addition, we 
optimized the coating time and concentration of aniline. The capacitance showed highest value at the 
coating time of 60 min and if the coating time was more than 60 min, the capacitance was rather 
decreased. This may because the PANI block the holes of ligament and active surface area was 
decreased. With a longer deposition time up to 120 min, the PANI/NPG structures became very weak 
and were peeled off from the substrate. In case of concentration of aniline, if the concentration was too 
low (1 mM), the capacitance was very low and when the concentration was high (100 mM), PANI was 
excessively coated and it blocked the pores of NPG structures (figure 4.6 (b)). In this way, we varied 
the concentration of aniline and coating times with the same current of 0.5 mA for chrono-potentiometry. 
The optimum coating condition was 10 mM of aniline and coating time of 60 min. We took SEM images 
and compared the before and after coating the PANI on NPG with optimum condition and they are 
shown in figure 4.7. It can be seen that even after electrodeposition of PANI, pores of NPG were still 
not blocked (figure 4.7 (b)). It demonstrates that PANI layer was not too thick and uniformly coated on 
NPG structures. 
Coating the PANI with proper thickness in uniform is very important. It is ideal to load pseudo-
capacitance material on the conducting support as much as possible to maximize the capacitance of the 
supercapacitor, which can be increasing the thickness of the pseudo-capacitance material. On the other 
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hand, when the thickness increases too much, the resistance of the electrode also increases and ions are 
prohibited from accessing the active sites inside the thick coating43. Therefore, it is highly recommended 
optimizing the thickness of a PANI considering this trade-off. For NPG, one more important thing to 
consider is that pores in NPG should not be blocked by polymer coating because they work as a passage 
of gas or liquid and help the mass transport during reaction. 
 
 
Figure 4.6 (a) Cyclic voltammogram of PANI/NPG with different coating times. (b) SEM image of 





Figure 4.7 SEM images of (a) bare NPG from Au-Mg and (b) PANI/NPG41 
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To observe the PANI/NPG structure more deeply, we took transmission electron microscope(TEM). 
Figure 4.8 shows TEM images of PANI/NPG structures. To figure out the PANI film layer and epoxy 
layer used for preparation of TEM specimen, we deposited a thin (~ 40 nm) chrome layer on the 
nanostructure that is shown as a layer in gray color on the NPG ligaments. In figure 4.8 (a), we observe 
two layers on NPG ligaments. One is PANI layer which is shown as white and about 10 nm thick. On 
top of the PANI layer, a chrome layer is seen as gray and about 40 nm thick. It can be seen that PANI 
is homogeneously coated on the whole NPG ligaments with uniform thickness. Figure 4.8 (b) shows a 
zoom-in image of figure 4.8 (a) and it shows the PANI coating on NPG structures more in detail. 
 
 
Figure 4.8 (a) Cross-sectional TEM images of PANI/NPG. (b) Zoomed-in image of (a). For the 
sample preparation, the chrome layer was deposited on the PANI/NPG structure. In the images, 




We also employed Fourier transform infrared reflectance (FTIR) to characterize the PANI/NPG 
structure. FTIR results of PANI/NPG is shown in figure 4.9. The peaks around 3300 cm–1 indicate the 
presence of N-H stretching of amine. C-N stretching of secondary aromatic amine was identified with 
1302.13 cm–1 and 1253.41 cm–1. The peaks of 1577.17 cm–1 and 1497.83 cm–1 correspond to quinoid 
and benzenoid rings. These peaks are very similar to the typical infrared spectrum of PANI.2, 15, 43 The 




Figure 4.9 FTIR results of PANI/NPG (black line) and PANI on plane gold substrate (blue line).41 
Electrochemical performance of our PANI/NPG samples was carried out in a potentiostat by cyclic 
voltammetry and galvanostatic charge-discharge. Figure 4.10 (a) shows cyclic voltammetry results of 
PANI/NPG and bare NPG in 1 M perchloric acid with a scan rate of 10 mV/s. While the bare NPG that 
shows only a electrochemical double layer (EDLC) capacitance, PANI/NPG shows distinct oxidation 
and reduction peaks which indicate pseudo-capacitance behavior, and the capacitance was much large. 
The oxidation and reduction mechanism of PANI is well known44 and the areal capacitance calculated 
from the CV was 6.54 mF/cm2 (327 F/cm3). The areal capacitance(F/cm2) and volumetric 
capacitance(F/cm3) are more reliable values than specific capacitance(F/g) because errors in mass 
measurements can significantly inflate the specific capacitance. Detailed calculation methods were 
shown in Part 4.5. We conducted CV with different scan rates (figure 4.10 (b)). Our PANI/NPG sample 
showed pseudo-capacitor characteristics even at a fast scan rate of 100 mV/s. The galvanostatic charge-
discharge experiments were also carried out with various current densities (figure 4.10 (c)). The areal 
capacitance of the PANI/NPG structures was calculated from galvanostatic charge-discharge. They 
were 5.25 mF/cm2(262.5 F/cm3), 4.17 mF/cm2(208.3 F/cm3), 3.61 mF/cm2(180.8 F/cm3), 3.23 
mF/cm2(161.3 F/cm3), and 2.9 mF/cm2(145 F/cm3) at the current level of 0.3 mA, 0.5 mA, 0.7 mA, 0.9 
mA, and 1.2 mA, respectively. Compared to other microscale supercapacitors, our supercapacitors 
showed high areal capacitance (0.51 mF/cm2 for graphene oxide supercapacitor45, 0.48 mF/cm2 for 
MnOx based supercapacitor46). Our PANI/NPG supercapacitors had maximum energy density of 9.11 
mWh/cm3 at power density of 1.56 W/cm3. This remarkable high capacitance of PANI/NPG 
supercapacitor based on the combination of the rational thickness of PANI and greatly conductive NPG 
with three-dimensional open pore structures which is effective for fast ion diffusions. Additionally, the 
broad surface area of NPG could load a large amount of PANI for high capacitance. We believe that the 




Figure 4.10 Electrochemical results of PANI/NPG supercapacitors. (a) Cyclic voltammogram of pure 
NPG and PANI/NPG, (b) Cyclic voltammogram of PANI/NPG with different scan rates, (c) 




Figure 4.11 Cycling tests of PANI/NPG fabricated from different acids.41 
 
Regarding the stability of our supercapacitors, Figure 4.11 shows the cycle life graph of PANI/NPG 
at the current density of 1.2 mA for 500 cycles. The capacitance was almost unchanged after 500 cycles. 
In contrast to this, PANI/NPG prepared in sulfuric acid was degraded within 100 cycles. This 
phenomenon can be understood as follows. 1) Using chrono-potentiometry, we could make uniform 
PANI on the whole ligaments of NPG including the inside of the pores. 2) During the polymerization, 
anions from acid were incorporated into PANI and affected properties of the PANI layers. In case of 
sulfuric acid, the deposited film is easily swelled so that it has a short lifespan because that its 
anion(SO42–) is large. In contrast to this, ClO4– from perchloric acid is a relatively small anion and the 
deposited films have compact structures47. The much longer cycle lifespan of PANI/NPG prepared in 
perchloric acid was mainly due to the formation of compact PANI layer on the NPG structure that was 
possible by the optimized gentle chrono-potentiometry. 
 
 
































 PANI from perchloric acid




In summary, we have successfully fabricated the PANI/NPG structure for high-performance 
supercapacitor. NPG was made from Au-Mg alloy with etching in diluted acetic acid, which was 
environmentally-friendly and very simple. PANI was fabricated by electro-polymerization of aniline on 
NPG. Using chrono-potentiometry and perchloric acid, we made compact and uniform PANI. TEM 
showed that PANI layer was uniformly deposited on the whole ligaments of NPG with the thickness of 
around 10 nm. Prepared PANI/NPG supercapacitors showed great performance such as high 
capacitance of 6.54 mF/cm2, maximum energy density of 9.11 mWh/cm2 at power density of 1.56 
W/cm2, and a long lifespan. Combining highly conductive and large surface area of NPG which works 
as the remarkable current collector and compact and uniform PANI on it, the synergistic effect yielded 




















a. Cyclic voltammetry 





Where, ∫ 𝐼𝑑𝑉 is area of CV curve 
S is area of electrode surface (cm2) 
 𝜈 is scan rate (V/s) 
∆𝑉 is voltage window 
𝐶(𝐹/𝑐𝑚2) =
0.157 𝑚𝐴 ∙ 𝑉
2 × 1.2 𝑐𝑚2 × 0.01 𝑉/𝑠 × (0.8 𝑉 − (−0.2 𝑉))
= 6.54 𝑚𝐹/𝑐𝑚2 
 





Where, ∫ 𝐼𝑑𝑉 is area of CV curve 
𝑣 is volume of electrode (cm3) 
 𝜈 is scan rate (V/s) 
∆𝑉 is voltage window 
𝐶(𝐹/𝑐𝑚2) =
0.157 𝑚𝐴 ∙ 𝑉
2 × 1.2 𝑐𝑚2 × 200 𝑛𝑚 × 0.01 𝑉/𝑠 × (0.8 𝑉 − (−0.2 𝑉))
= 327 𝐹/𝑐𝑚3 
 
b. Galvanostatic charge-discharge 





Where, I is current density  
∆𝑡 is discharge time 
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S is area of electrode surface 
∆𝑉 is voltage window 
𝐶(𝐹/𝑐𝑚2) =
0.3 𝑚𝐴 × 21 𝑠
1.2 𝑐𝑚2 × 1 𝑉
= 5.25 𝑚𝐹/𝑐𝑚2 
 





Where, I is current density  
∆𝑡 is discharge time 
𝑣 is volume of electrode surface 
∆𝑉 is voltage window 
𝐶(𝐹/𝑐𝑚3) =
0.3 𝑚𝐴 × 21 𝑠
1.2 𝑐𝑚2 × 200 𝑛𝑚 × 1 𝑉
= 262.5 𝑚𝐹/𝑐𝑚3 
 










Where, 𝐶𝑡𝑤 is capacitance of two electrode system 
𝐶𝑡ℎ is capacitance of three electrode system 




× 262.5 𝐹/𝑐𝑚3× (1𝑉)2 = 32.812 𝑊𝑠/𝑐𝑚3 =  9.11 𝑚𝑊ℎ/𝑐𝑚3 
3. Power density 




Where, 𝐸 is energy density 
∆𝑡 is discharge time 
𝑃 =  
𝐸
∆𝑡
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NANOPOROS GOLD PALLADIUM 
FOR FUEL CELL 
 
5.1 Introduction 
Nanoporous gold (NPG) is known as a three dimensional continuous material which also exhibits 
corrosive property. NPG has drawn significant attention in many research fields, including catalysis, 
sensors, actuators, and energy systems, among others because of its high conductivity, large surface 
area, abundance of low-coordinated atoms, and excellent stability. 1-3  
To enhance the catalytic activity and/or functionalize an NPG structure, other materials are 
commonly deposited or coated onto NPG ligaments. The catalytic activity of the bimetal alloy catalyst 
is often to be several times higher than that of the pure metal or metal-oxide catalyst’s counterpart.4, 5 
Pt,6 Cu,7 and several metal and oxide materials8, 9 have been mixed into NPG. Particularly, Pd is a very 
promising material due to its high catalytic activity and it is comparable to that of Pt, though with a 
lower price and higher abundance.10 The Pd-NPG alloy has shown excellent catalytic activity in a 
number of reactions. Kiani and coworkers reported oxygen reduction reaction of Pd coated NPG by 
underpotential deposition.11 Additionally, Ke and coworkers manufactured a Pd-decorated NPG 
electrode for enhancing the catalytic activity toward H2O2 reduction reaction.12 However, the synthesis 
processes and the required sequential deposition are very sophisticated and quite cumbersome. The 
tuning the composition and porosity of the resulting NPG structures are also very difficult.  
The ternary systems have been introduced for the fabrication of binary nanoporous gold-palladium 
(NP-AuPd) structures, with Al, Zn, and Ni which are used as sacrificial elements during the preparation 
of NP-AuPd to resolve this drawback.13-15 Most of these works tried with electrochemical 
alloying/dealloying through using NaOH or H2SO4. However, using these methods, it is very difficult 
to control the porosities of the nanoporous structures and these procedures are not suitable for the 
fabrication of multiple samples. In contrary, the ternary alloy thin film deposition by magnetron 
sputtering on a substrate provides a possible solution for the preparation of binary porous structures 
with controlled compositions and porosities. However, as ternary alloy thin films made by magnetron 
sputtering can easily peel off during etching with typical basic etchants and strongly acidic, discovering 




The NPG thin films from Au-Mg alloys with dilute acetic acid is recently reported by us, which is a 
very moderate etching process.16 In this study, we applied this gentle method to 100-nm-thick Au-Pd-
Mg thin films and the NP-AuPd thin films were successfully manufactured with controlled 
compositions and porosities. In addition, Mg and acetic acid are very attractive because they are 
economical and environmentally friendly. Furthermore, they are readily integrated into electrochemical 
systems because the NP-AuPd structures are prepared on conducting adhesive substrates, while 
nanoporous metallic structures fabricated from alloys first should be adherent on the substrates to 
integrate into an electrochemical system. 
Herein, NP-AuPd thin films were used to the electrochemical ethanol oxidation reaction (EOR) in 
alkaline media of a direct ethanol fuel cell (DEFC). The schematic diagram of fuel cell is shown in 
figure 5.1. To date, nanoparticle-based catalysts have generally been fixed on conducting substrates e.g. 
glassy carbon electrode in order to use it for DEFC applications.17 However, nanoparticle-based 
catalysts suffer from leaching and aggregation during the chemical reactions.18, 19 Moreover, these 
synthesis processes are quite complicated and manufacture steps are lengthy. On the other hand, NP-
AuPd thin films are not only manufactured in a short-step method excluding leaching/aggregation 
concerns, but are also ready for integration and exhibit durable high catalytic activities. 
 
 




5.2 Experimental Section  
Fabricating NP-AuPd 
We sputter-deposited Ti films (5 nm) and Au films (70 nm) on 1  2 cm silicon substrates as adhesion 
and protection layers, respectively. Au (5 W), Pd (8 W), and Mg (150 W) were then co-deposited as 
alloy layers (100 nm). We controlled the composition of the alloy by regulating the sputtering power of 
each element. The base pressure of sputtering system was set to 2  10–6 Torr. After preparing the ternary 
alloy films, they were immersed in acetic acid (5 wt %) for 30 min to dealloy the Mg from the films. 
The overall fabrication process is shown in figure 5.2. 
 
Characterization 
SEM and TEM were used to examine the morphologies and structures of the samples in this study, 
and AES (PHI 700, ULVAC–PHI, Japan) was used to investigate the compositions of the alloys and 
NP-AuPd films. The ternary-alloy and NP-AuPd films subjected to XRD, and XPS data were acquired 
for determining the chemical states of the NP-AuPd films (PHI 5000 VersaProbe, ULVAC–PHI, Japan). 
 
Electrochemical methods 
 Electrochemical experiments were conducted at room temperature using a conventional three 
electrode system (Versastat 3, Princeton Applied Research). NP-AuPd film, platinum wire, and 
Ag/AgCl (3 M NaCl) were used as the working, counter, and reference electrodes, respectively. The 
electrolyte was 1 M KOH containing 1 M ethanol solution. A 0.5-cm2 area of the working electrode was 






























5.3 Results and discussions 
Nanoporous structures were successfully formed using Mg, which is a remarkable sacrificial element 
for fabricating nanoporous structures.16 Mg is easily dissolved by dilute acetic acid, which is a very safe 
and environmentally friendly reagent. Figure 5.3 shows the microstructures and elements distribution 
of NP-AuPd; panel (a) shows a top-view scanning electron microscopy (SEM) image of the NP-AuPd 
sample; its pores and ligaments are around 20–30 nm in size. In addition, the ligaments contain very 
tiny holes that contribute to its large surface area and fast mass transfer. The fine structure of our NP-
AuPd was further investigated by transmission electron microscopy (TEM). Figure 5.3 (b) and (c) show 
a cross-sectional TEM image of NP-AuPd and the corresponding energy-dispersive X-ray spectroscopy 
(EDS) map, respectively. The Au-protection and NP-AuPd layers are around 70-nm and 100-nm thick, 
respectively, with the surface as well as the entire alloy layer showing highly porous structures. The 
TEM EDS image in figure 5.3 (c) reveals that both Au and Pd are uniformly distributed in the entire 
NP-AuPd layer; Mg was mostly removed and not detected by EDS. The Auger depth profiles of the 
ternary alloy film (before etching) and the NP-AuPd thin film (after etching) are shown in figure 5.3 (d) 
and (e), respectively. Au, Pd, and Mg are observed to be uniformly sputter-deposited on the substrate. 
After etching, Auger electron spectroscopy (AES) revealed that the Mg was mostly removed, from a 
level of about 55% before etching to less than 20% following etching. The Au:Pd:Mg composition ratio 
in the ternary alloy and the Au:Pd ratio in NP-AuPd are around 20:25:55 and 40:60, respectively. We 
employed X-ray photoelectron spectroscopy (XPS) to investigate the chemical states of our NP-AuPd, 
with pure Au and pure Pd films used as references. Figure 5.4 (a) and (b) show the Au 4f and Pd 3d 
spectra of NP-AuPd, which reveal that the Au 4f binding energy is slightly shifted to a lower value in 
the spectrum of NP-AuPd compared to that of pure gold (figure 5.4 (a)). This shift is mainly ascribable 
to the fact that Au is highly electronegative; consequently, the Au in the film is negatively charged, 
which decreases the binding energy.20 On the other hand, the Pd 3d peaks of NP-AuPd coincide with 
those of pure Pd. We speculate that the amount of Pd is higher than that of Au in the film; hence Pd is 
less oxidized.  
Figure 5.5 (a) shows an X-ray diffraction (XRD) pattern for NP-AuPd. We calculated the lattice 
spacing of the (111) facet of NP-AuPd to be 2.29 Å, which lies between that of Pd (2.25 Å) and Au 
(2.36 Å) and confirms that Au and Pd are fully alloyed in the NP-AuPd sample. We acquired selected 
area diffraction (SAED) data and calculated the lattice spacing to be 2.3 Å by fast Fourier transform 






Figure 5.3. Microstructures and elements distribution of NP-AuPd (a) SEM image of top view, (b) 
cross-sectional TEM image, and (c) corresponding TEM EDS map. (d) Auger electron spectroscopy 










Figure 5.5. Crystal analysis of NP-AuPd. (a) XRD profiles of NP-AuPd. (b) Cross-sectional TEM 
image of NP-AuPd. (c) TEM selected area diffraction (SAED) results of NP-AuPd. The red square is 







The catalytic activity of NP-AuPd toward the electrochemical oxidation of ethanol in alkaline media 
was evaluated by cyclic voltammetry (CV) in 1 M KOH containing 1 M ethanol solution at a scan rate 
of 50 mV s-1, the results of which are shown in figure 5.6 (a). Our NP-AuPd electrode exhibited a high 
peak current density of 212.2 mA cm-2 at 0.31 V (vs. Ag/AgCl). We also tested NPG and nanoporous 
Pd (NP-Pd) electrodes as references, which verified that NP-AuPd is highly catalytically active. Our 
NP-AuPd also showed very high current values compared to those reported for other anodes used in 
DEFC applications (Table 1). The peak current ratio (If/Ib) is a measure of the resistance of a catalyst to 
poisoning by carbonaceous intermediates, where If and Ib are the peak currents of the forward and 
backward scans, respectively.18, 22 The If/Ib value for NP-AuPd was determined to be 2.16, which is quite 
high compared to previously reported values that are generally under 2.18, 22, 23 To explore its stability, 
NP-AuPd was subjected to CV for 100 cycles, which took over 5000 s to complete. The relationship 
between peak current and cycle number is shown in figure 5.6 (b), which reveals that the peak current 
decreases slightly with increasing cycle number. The peak current at the 100th cycle was around 70% 
that of the first cycle. This stability is excellent compared to those of other materials reported in the 
literature.18, 23 
We can easily tune the composition of the alloy by controlling the sputtering method. Consequently, 
we evaluated how the Au and Pd composition of the NP-AuPd affects catalytic activity. By simply 
regulating the sputtering power of each target, we prepared a Au-rich sample (A sample) and a Pd-rich 
sample (P sample); these samples were subjected to SEM and AES with the results for the A and P 
samples shown in figure 5.7 and 5.8, respectively. The Au:Pd ratio in the A sample was 70:30, while it 
was 25:75 in the P sample. We compared the catalytic activities of the A and P samples with that of the 
NP-AuPd sample described earlier (D sample, Au:Pd ratio = 40:60); the CVs of the three samples are 
shown in figure 5.6 (c). The D sample exhibited a much higher current density than the A or P sample. 
The peak position in the CV trace of the D sample is rightward shifted, which implies that Au and Pd 
oxidation is delayed, enabling reactions at high potential. The optimum ratio of Au to Pd (i.e., the ratio 
that provides the highest catalytic activity) in the AuPd alloy is still a matter of debate.10, 20, 24-26 Our NP-
AuPd showed the highest catalytic activity at a ratio of 40:60, which is close to 1:1.  
We also controlled the porosity of our NP-AuPd by controlling the amount of Mg used. We explored 
Mg-sputtering powers of 50 W, 100 W, and 150 W at a fixed Au:Pd ratio of 40:60 (D sample). The SEM 
image of each sample and its cyclic voltammogram are shown in figure 5.9 and 5.10, which reveal that 
porosity increases with increasing Mg-sputtering power (amount of Mg). In particular, the D sample 
prepared with 150 W of Mg exhibited both large pores as well as very tiny holes in its ligaments; these 
tiny holes are not observed in the samples prepared at 50 W or 100 W. We believe that these holes are 





Figure 5.6. Electrochemical results of NP-AuPd. (a) Cyclic voltammogram of NP-AuPd, NP-Au, and 
NP-Pd electrodes. (b) Peak current retention to 100 cycles during successive cyclic voltammetry. (c) 










Scan rate  
(mV s-1) 




AuPd/C KOH + EtOH 50 84.16 10 
Pd-Ni alloy KOH + EtOH 
 
50 117.3 27 
Pd-Co-RGO/GC KOH + EtOH 50 64.2 28 
PdP2/RGO (0.5 M) KOH + (0.5 M) EtOH 50 51.4 22 
Pd3Au KOH + EtOH 50 167 20 
PdCuPb/C KOH + EtOH 50 105.3 29 
Pd nanowire KOH + EtOH 50 70 30 
NP-AuPd KOH + EtOH 50 212.2 Our work 
 
 












   
Figure 5.9. SEM images of samples with various porosity. 













Figure 5.10. Cyclic voltammogram of NP-AuPd with various porosity 





































The electro-oxidation mechanism of ethanol on Pd in an alkaline medium is described by:31 
 
Pd + OH– → Pd – OHads + e–      (1) 
Pd + CH3CH2OH + 3OH– → Pd – (CH3CO)ads + 3H2O + 3e–  (2) 
Pd – (CH3CO)ads + Pd – OHads → Pd – CH3COOH + Pd   (3) 
Pd – CH3COOH + OH– → Pd + CH3COO– + H2O   (4) 
 
The reaction of CH3COads and OHads to form CH3COOH is the rate-determining step (Equation (3)) in 
the overall process. The adsorbed hydroxide ions are very important during the EOR because they 
remove reaction intermediates that result in surface poisoning. Au on Pd has been reported to improve 
the opportunity for hydroxide ion adsorption, which promotes the rate-determining step and enhances 
the entire EOR process.25 
The remarkable electro-catalytic activity of NP-AuPd toward ethanol oxidation in alkaline media is 
based on two factors. Firstly, the binary-composed three-dimensional open-porous structure is 
advantageous because it offers a high surface area with a number of low-coordinated atoms and 
interfaces between Pd and Au, which act as active sites.32 Additionally, there is no contact resistance 
between the active material and the current collector for the one-body nature nanoporous structure, 
which results in high conductivity; furthermore, the superior stability of the catalyst increases its 
lifespan.19 Secondly, Au plays a highly important role in these Au-Pd alloy structures. As described 
above, Au helps hydroxide ions to adsorb onto the catalyst surface, which promotes the rate-determining 
step of the EOR in alkaline media; this effect is proposed on the basis of d-band center theory.25, 26 
Because the Au and Pd lattice parameters are different, the alloy lattice is strained, causing the Pd d-
band center to shift upwards. Furthermore, the presence of Au in the Pd structure has a stabilizing effect, 
which delays Pd oxidation and enables reactions to occur at high potential, leading to a high current 










We prepared NP-AuPd thin films by co-sputtering Au, Pd, and Mg, and fabricated nanoporous 
structures by extracting Mg in dilute acetic acid. The Pd and Au compositions in alloy were controlled 
by adjusting the sputtering power of each target, and porosity was controlled by adjusting the Mg-
sputtering power. We optimized the Au/Pd composition and porosity; the optimum NP-AuPd sample 
exhibited remarkable electro-catalytic activity toward the electro-oxidation of ethanol in alkaline media. 
The high surface area and the optimized composition that provides the maximum number of active sites 
are the main reasons for the observed high catalytic activity. Additionally, NP-AuPd showed impressive 
stability, and sustained a peak current retention of 70% after 100 cycles of CV. This notable stability is 
believed to be the result of one-body structures in the Au-Pd binary alloy. Finally, we prepared a high-
performance anode material for DEFC applications. We fabricated NP-AuPd from ternary Au-Pd-Mg 
alloy films with Mg as the sacrificial element; this method could be applicable to designed binary alloy 
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6.1 Nanoporous gold from Au-Ag, Au-Si, and Au-Mg 
We fabricated nanoporous gold(NPG) with Au-Ag, Au-Si, and Au-Mg. We took SEM images of 
each samples for comparison. Figure 6.1 shows the SEM images of Au-Ag alloy and NPG. The 
typical sputtered structures with small grains are observed in figure 6.1 (a). Figure 6.1 (b) shows the 
cross sectional SEM image of Au-Ag alloy and columnar grains with thickness of ~ 200 nm are 
observed. Figure 6.1 (c) and (d) show NPG from Au-Ag alloy with concentrated nitric acid. This NPG 
is widely and typically used in many reserch group. The size of ligaments and pores are around ~ 100 
nm. We can observe the curved ligaments and smooth ligament surfaces.  
Figure 6.1. SEM imgaes of Au-Ag alloy and NPG from Au-Ag alloy. (a) Top view and (b) Cross 
sectional view of Au-Ag alloy. (c) NPG from Au45Ag55 (d) High resolution of (c). 
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 The Au-Si alloy and NPG from Au-Si are shown in figure 6.2 (a) and (b), respectively. The Au-Si 
alloy was dealloyed by 30 wt% of potassium hyderoxide solution of 50°C for 2 h 30 min. The size of 
ligaments, holes, and overall shapes are very similar to Au-Ag systems. However, we can observe the 
different shapes in NPG from Au-Mg alloy (figure 6.3). The Au-Mg alloy was dealloyed by 5 wt% 
acetic acid in room temperature for 30 min. The SEM image of alloy is almost same while the 
ligaments in NPG are angled. We speculate that these discrepancy is mainly due to the alloy phases. 
Figure 6.4 shows the phase diagrams of Au-Ag, Au-Si, and Au-Mg. The Au-Ag system is a solid 
solution, Au-Si system is a simple eutectic, while Au-Mg system has a number of solid phases. In case 
of Au-Ag and Au-Si, the sacrificial elements are atomically dissolved from the alloy, however, in Au-
Mg system, grains will be dissolved so that NPG from Au-Mg has angled ligaments. In case of Au-Mg 
system, though there are several intermetallic compounds in Au-Mg phase diagram, the magnesium 
was always easily dissolved in diluted acetic acid (part 4, part5). We believed that the magnesium is 
an excellent sacrifical element and it is applicable to other alloy systems. 
Figure 6.2. SEM images of Au-Si alloy and NPG from Au-Si 











6.2 Cyclic voltammtery for nanoporous structures 
During the cyclic voltammtery(CV), the surface atoms are oxidized and reduced because of the 
applied volatge. Figure 6.5 shows cyclic voltammogram of NPG in 0.5 M sulfuric acid with scan rate 
of 100 mV/s. In forward scan, the multiple oxidation peaks are observed, while only one huge 
reduction peak is observed in backward scan. Because the shape of this reduction peak is simple and 
easy to calcuate the area of peak, it is used to estimate the surface area by dividing the area of 
reduction peak of flat gold, which is roughness factor. Typically, 450 μc/cm2 is used for reference.4 
Generally, our NPG samples show the roughness factor as around 30. 
In addition, the CV affct the nanoporous structures. During the redox process, the gold atoms will 
be rearranged and it can change the structures. Figure 6.6 shows NPG from Au-Mg before and after 
CV. It can be seen that the angled structureswas changed to curved structures by CV. We speculate 
that during the CV, low-coordinated atoms prefer to aggregate themselves and overall strcutres were 
changed. Indeed, Ming et al. reported that they could change the surface facet of NPG by CV and 
enhance the catalytic activity by increasing the facet which is more active for chemical reactions.5 
However, we could not observe the dramatic increasement of catalytic activity by tunning the surface 
facet. 
Besides, we can test its strctural staiblity by consecutive CV. The structure of NPG would be 
gradully collapse due to the successive redox reaction. NPG with small ligaments will collapse rapidly 
and show fast decreasing peaks of oxidation and reducion while large ligament NPG will collapse 
relatively slowly. Comparing the first and 100 cycles or recording the cyclic numbers up to reduction 
area of 50 %, we can compare the stability of each nanoporous structures. Figure 6.7 shows the 
comparision of first cycle and 101th cycle of cyclic voltammogram of NPG-palladium in 1 M 
potassium hydroxide containing 1 M ethanol. We could observed that the peak current is decrased in 






Figure 6.5. Cyclic voltammogram of NPG in 0.5 M H2SO4 with scan rate of 100 mV/s 
Figure 6.6. SEM images of NPG from Au-Mg. (a) Before CV and (b) after CV 
 
Figure 6.7. Comparison of 1st cycle and 101th cycle of cyclic voltammogram of NPG palladium in 1 
M potassium hydroxide containing 1 M ethanol solution. 
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6.3 Tuning the facet of nanoporous gold 
As mentioned above, Ming et al. reported that the catalytic activity of NPG(from Au-Ag alloy) 
toward electro oxidation of ethanol in alkaline media was enhanced by tunning the surface factet.5 
Using underpotential deposition(UPD) of lead in an alkaline media, we can precisely identify different 
surface facet of electrode.5-7 We conducted the same experiment with our NPG sample from Au-Mg 
alloy and compared(We also made NPG from Au-Ag for the reference). The UPD was conducted in 
0.1 M NaOH containing 1 mM Pb(NO3)2 solution with scan rate of 50 mV/s. The voltage range was –
0.7 V to 0.2 V vs Ag/AgCl. According to the references, the peak current at –0.61 V, –0.5 V, –0.45 V, 
and –0.31 V are corresponding to kink and step(KS) sites, (111) facet, (100) facet, and (110) facet, 
respectively.5-7  
We made and compared three samples of NPG from Au40-Ag60, and Au20-Mg80 as an as dealloyed 
sample, annealed sample(100°C oven, 20h), and after slow CV sample(in H2SO4 solution, 10 cycles, 5 
mV/s). We took SEM images of these samples(figure 6.8) however, we could not find any significant 
differece in features. Figure 6.8 shows the UPD results, CV and chrono amperometry(CA) results for 
ethanol oxidation. In as dealloyed sample,abundant KS sites are observed and after slow CV, the KS 
sites decreased and (110) facet increased. After annealing, we could not find any peaks(figure 6.9 (a)). 
The CV results in alkaline media(figure 6.9 (b)) show that the slow CV sample has the highest current 
density while annealed sample has the lowest current density. We could observe the same tendency in 
CA results(figure 6.9 (c)). In case of NPG from Au-Mg(figure 6.10), high peak at (100) facet and little 
peak at KS sites are observed in as dealloyed sample. After annealing, only one broad peak is 
observed, indicating (111) facet. Suprisingly, we could not detect any peak in slow CV sample. The 
CV and CA results showed that the catalytic activity for the electrooxidation of ethanol decreases in 
the following order: As dealloyed > Annealed > Slow CV. It has been reported that the catalytic 
activity of gold for electrooxidation of ethanol in alkaline media is sensitive to surface facet and 
follows the order: (110) > (100) > (111)8, which is coincide with our CV and CA retults. It is noticable 
that NPG from Au-Mg has a number of (100) facet without any treatment while NPG from Au-Ag has 
(100) facet after slow CV. We speculate that this is mainly due to the alloy phases(figure 6.4). Further 




Figure 6.8. SEM images of NPG (a) As dealloyed from AuAg (b) Annealed from AuAg (c) As 
dealloyed from AuMg (d) Annealed from AuMg 
Figure 6.9. Electrochemical properties of NPG from Au-Ag. (a) UPD profiles, (b) CV, and (c) CA 
results of electrooxidation of ethanol 
Figure 6.10. Electrochemical properties of NPG from Au-Mg. (a) UPD profiles, (b) CV, and (c) CA 
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CONCLUSION AND SUGGESTIONS 
 
In this thesis, we address the nanoporous gold and its electrochemical applications. The sputtering 
system is suitable for making an alloy precursor. Our delloying method which uses potassium hydroxide 
solution and diluted acetic acid is not only effective but also environmentally friendly. We developed 
the adhesion between a glass substrate and a titanium adhesion layer by annealing treatment. In this 
way, we made nanoporous gold film on a glass substrate and applied it to the electrochemical sensor 
for aniline. Also, we applied the nanoporous gold as a supercapacitor by homogeneously coating a few 
nanometers of polyaniline on the nanoporous gold. Because nanoporous gold has high conductivity and 
great stability, we could make high performance superacapacitor. Furthermore, we also prepared binary 
nanoporous structures for electro-catalyst. Basically, nanoparticles have been used for electro-catalyst, 
however, they should be fixed on the conducting substrate (e.g. glassy carbon electrode), so that they 
suffer from aggregation, leaching, and contact resistance between nanoparticles and substrates. The 
nanoporous structures are free to aggregation and leaching, and it has one-body nature so that there is 
no contact resistance. The bimetallic catalysts have been developed in various types of nanoparticles. 
In present study, we made binary nanoporous structures from ternary alloy of gold, palladium, and 
magnesium to overcome the drawbacks of nanoparticles. Moreover, these nanoporous structures can 
directly be used as a working electrode in electrochemical system. The magnesium in ternary alloy is 
very important because it has tendency to be dissolved easily in diluted acetic acid even it makes 
intermetallic compound with gold or palladium. We could make nanoporous gold palladium and it 
showed high electrochemical catalytic activity toward ethanol oxidation reaction in alkaline media. 
A lot of topics related to nanoporous gold have been extensively researched such as finding reaction 
sites in nanoporous gold, tuning the facets of nanoporous gold for enhancing the catalytic activity, 
investigating the effect of residual silver, tuning the mechanical properties, etc. Our co-sputtering 
method can easily adjust the composition of an alloy precursor so that it is suitable for investigating the 
composition effect. In addition, the mechanical properties of nanoporous gold highly depend on the 
microstructures. We could easily control the microstructures of nanoporous gold by adjusting the 
composition of the sacrificial elements. Moreover, not only gold based material, silver, copper, nickel, 
and other metals can be made as nanoporous structure by our method. These materials also can be 
applied to anywhere. Besides, the bimetallic catalysts recently have attracted huge attention in extensive 
applications due to their tunable composition and properties. We already showed that nanoporous gold 
palladium was successfully fabricated with tunable composition and high stability. It can be applied to 
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other bimetallic catalysts with designed composition and desired properties.  
We suggest that combining the nanoporous gold with other funtional nanoparticles (e.g. TiO2, 
CoOx, etc.) will be an interesting topics for enhancing the potentials of nanoporous gold. As gold is 
very expensive materil, finding an alternative material (copper, silver, etc.) could be a good topic. 
Furthermore, the various combination of binary alloy with nanoporous structures can be easily 




아무것도 모르는 저를 가르치시고, 마음껏 연구할 수 있는 기회를 주신 신형준 
교수님께 깊은 감사와 존경의 말씀을 드립니다. 연구에 대한 깊고도 날카로운 통찰과 
예리한 직관으로 항상 핵심적인 부분들을 짚어 지도해 주시고 연구 외 다른 부분들까지 
섬세하게 배려해주신 덕에 졸업을 할 수 있었습니다. 아직 부족한 부분들이 많지만 
교수님께서 알려주신 것들을 더욱 갈고 닦아서 훌륭한 연구자가 되겠습니다. KIST 에서 
연구할 수 있도록 도와주시고 지도해주신 김상훈 박사님께도 깊은 감사의 말씀을 
드립니다. 제가 계획하고 말씀드리는 것들을 항상 긍정적으로 생각해 주시며 
지원해주시고, 연구에 대한 아이디어를 발전시키고 응용하는데 큰 도움을 주셨습니다. 
그리고 언제나 인자한 미소로 “잘 되어가냐” 라고 물어 보시며 격려와 조언을 아끼지 
않으신 변지영 박사님께도 깊은 감사를 드립니다. 또한, 논문 디펜스의 심사위원으로 
좋은 말씀들을 해주신 유정우 교수님과 이종훈 교수님께도 감사를 드립니다. 
학부생때부터 대학원에 대한 꿈을 꾸게 해주셨던 창원대학교 이 웅 교수님과 대학원 
입학에 여러 가지 조언을 주신 재료연구소 강주희 박사님 에게도 깊은 감사를 드립니다. 
또한, 실험실 생활에 대한 전반적인 것들을 알려주었을 뿐 아니라 인생에 대한 조언까지 
해주신 선배 정민복 박사님, 같이 연구하며 많은 이야기를 나누고 서로 돕고 도왔던 
Rahman 박사님, 최윤정, 영문 작성에 도움을 준 Eunike 에게도 감사의 인사를 전합니다. 
6 년이라는 긴 시간 동안 항상 응원하고 지원해주며 기다려 주셨던 가족들에게도 
감사의 인사를 전합니다. 그리고 언제나 좋은 말씀과 따뜻한 격려를 해주셨던 남포교회 
윤철규 목사님과 철없는 동생을 잘 달래며 응원해주신 남포교회 장나라 형님, 정 한 
형님, 그리고 여러 남포교회 지체들에게도 깊은 감사의 말씀을 드립니다. 
마지막으로 이 모든 것들을 계획하시고 주관하시며 저를 이 자리까지 이끄시고 
앞으로도 이끌어 가실, 시간 속에서 일하시는 살아계신 우리 주 하나님께 모든 영광과 
찬송을 드립니다.  
 
